Dissolution of anthropogenic CO 2 increases the partial pressure of CO 2 (pCO 2 ) and decreases the pH of seawater. The rate of Fe uptake by the dominant N 2 -fixing cyanobacterium Trichodesmium declines as pH decreases in metal-buffered medium. The slower Fe-uptake rate at low pH results from changes in Fe chemistry and not from a physiological response of the organism. Contrary to previous observations in nutrient-replete media, increasing pCO 2 /decreasing pH causes a decrease in the rates of N 2 fixation and growth in Trichodesmium under low-Fe conditions. This result was obtained even though the bioavailability of Fe was maintained at a constant level by increasing the total Fe concentration at low pH. Short-term experiments in which pCO 2 and pH were varied independently showed that the decrease in N 2 fixation is caused by decreasing pH rather than by increasing pCO 2 and corresponds to a lower efficiency of the nitrogenase enzyme. To compensate partially for the loss of N 2 fixation efficiency at low pH, Trichodesmium synthesizes additional nitrogenase. This increase comes partly at the cost of down-regulation of Fe-containing photosynthetic proteins. Our results show that although increasing pCO 2 often is beneficial to photosynthetic marine organisms, the concurrent decreasing pH can affect primary producers negatively. Such negative effects can occur both through chemical mechanisms, such as the bioavailability of key nutrients like Fe, and through biological mechanisms, as shown by the decrease in N 2 fixation in Fe-limited Trichodesmium.
Dissolution of anthropogenic CO 2 increases the partial pressure of CO 2 (pCO 2 ) and decreases the pH of seawater. The rate of Fe uptake by the dominant N 2 -fixing cyanobacterium Trichodesmium declines as pH decreases in metal-buffered medium. The slower Fe-uptake rate at low pH results from changes in Fe chemistry and not from a physiological response of the organism. Contrary to previous observations in nutrient-replete media, increasing pCO 2 /decreasing pH causes a decrease in the rates of N 2 fixation and growth in Trichodesmium under low-Fe conditions. This result was obtained even though the bioavailability of Fe was maintained at a constant level by increasing the total Fe concentration at low pH. Short-term experiments in which pCO 2 and pH were varied independently showed that the decrease in N 2 fixation is caused by decreasing pH rather than by increasing pCO 2 and corresponds to a lower efficiency of the nitrogenase enzyme. To compensate partially for the loss of N 2 fixation efficiency at low pH, Trichodesmium synthesizes additional nitrogenase. This increase comes partly at the cost of down-regulation of Fe-containing photosynthetic proteins. Our results show that although increasing pCO 2 often is beneficial to photosynthetic marine organisms, the concurrent decreasing pH can affect primary producers negatively. Such negative effects can occur both through chemical mechanisms, such as the bioavailability of key nutrients like Fe, and through biological mechanisms, as shown by the decrease in N 2 fixation in Fe-limited Trichodesmium.
climate change | cyanobacteria | iron limitation A bout one-third of the anthropogenic CO 2 released into the atmosphere dissolves into the surface ocean, increasing the partial pressure of CO 2 , pCO 2 , and lowering the pH. This ocean acidification has been shown to have various consequences for marine phytoplankton (1) (2) (3) (4) (5) . Organisms that invest a large amount of energy in the operation of a carbon-concentrating mechanism (CCM) are expected to be particularly sensitive to changes in pCO 2 . This is the case for marine cyanobacteria, which must elevate the CO 2 concentration at the site of carbon fixation as a result of the poor affinity for CO 2 of their carboxylating enzyme, ribulose bisphosphate carboxylase oxygenase (RubisCO) (6) . Of particular interest is the effect of ocean acidification on the N 2 -fixing filamentous cyanobacterium Trichodesmium, which is responsible for a major fraction of all marine N 2 fixation and thus plays a prominent role in the biogeochemical cycling of C and N (7). This bloom-forming diazotroph thrives throughout the oligotrophic tropical and subtropical oceans where P and/or Fe often limit its growth and N 2 fixation (8-10).
In the past few years, the effects of ocean acidification on Trichodesmium have been studied extensively in combination with those of other environmental variables, such as temperature, light intensity, and phosphorus limitation. Stimulation of N 2 fixation and growth at elevated pCO 2 has been observed in both laboratory and field studies (11) (12) (13) (14) (15) (16) (17) (18) (19) . The beneficial effect of high pCO 2 has been attributed largely to the down-regulation of the CCM, which saves energetic resources for other cellular processes, such as N 2 fixation (14, 15).
The positive effect of CO 2 enrichment on growth and N 2 fixation in marine diazotrophs may be tempered by Fe limitation, as indicated, for example, by experiments with the singlecelled N 2 -fixing cyanobacteria Crocosphaera (20, 21) . However, to study the effect of ocean acidification on Trichodesmium under low-Fe conditions requires using a medium in which the changes in Fe chemistry caused by the changing pH are known precisely (4) . All previous work on the response of Trichodesmium to ocean acidification have used the artificial seawater medium YBCII (22) , which contains unknown and variable concentrations of trace metals from contaminants and too low a chelator concentration (EDTA = 2 μM) to buffer free-metal concentrations properly.
Here we report the results of experiments with Trichodesmium erythraeum IMS101 (thereafter Trichodesmium) using a seawater medium with well-defined trace-metal chemistry to examine the effects of acidification under low-Fe conditions. We measured the rates of Fe uptake, growth, and N 2 fixation under varying pCO 2 and pH and quantified the proteins involved in N 2 fixation and photosynthesis to investigate the underlying mechanisms.
Results
Effect of pH/pCO 2 on Fe Uptake and Growth. We examined the effect of pCO 2 and pH on the Fe uptake and growth of Trichodesmium using an EDTA-buffered medium. At a given total Fe concentration, the steady-state Fe uptake rate of Trichodesmium growing exponentially decreased significantly with decreasing pH in the range of 8. 35-7.80 (Fig. 1A) . However, all the data align on the same line when plotted as a function of the calculated inorganic Fe concentration (Fe′) (Fig. 1B) . The slope of the line in the logarithmic graph of Fig. 1B is 1 , showing that the Fe uptake system was neither saturated nor down-regulated over the range of the Fe concentration we used.
The data in Fig. 1B also indicate that pH exerts its effect on Fe uptake by Trichodesmium through changes in Fe chemistry rather than a physiological response of the diazotroph. If so, the effect of pH should be seen in short-term uptake experiments with cells that are not acclimated to the experimental pCO 2 /pH levels. (We use the notation pCO 2 /pH to indicate that both parameters covary in most of our experiments.) Indeed, the rate of Fe uptake by Trichodesmium acclimated at Fe′ = 40 pM (and pCO 2 = 352 ppm and pH = 8.1) decreased by about 50% and 90% as the pH of the uptake medium varied from 8.35 to 8.04 and 7.8, respectively (Fig. 1C) . The trend and the magnitude of the pH effect on Fe uptake were comparable to those in the long-term experiment with exponentially growing cells.
To distinguish the effects of varying pCO 2 /pH on growth and N 2 fixation in Trichodesmium from those on Fe uptake, in all the following experiments we adjusted the total Fe concentration to maintain constant Fe availability in our EDTA-buffered medium, i.e., the total Fe concentration at low pH was increased to maintain constant Fe′. The cellular Fe concentration, Q Fe , of Trichodesmium and its growth rate, μ, increased with Fe′ over the range of 40-1,340 pM (Fig. 2) . At a given Fe′, Q Fe , like the Fe-uptake rate, was unaffected by changes in pCO 2 /pH ( Fig. 2A) . However, the growth rate of Trichodesmium clearly changed with pCO 2 / pH: μ generally decreased along with decreasing pH, except at the lowest Fe′ tested, where μ decreased at the lowest pCO 2 / highest pH and the cells showed very poor growth (Fig. 2B ). This latter result, which has been observed in various phytoplankton species which all exhibit an extremely low photosynthetic rate and minimal growth under very low Fe and pCO 2 conditions (e.g., ref. 4) , is not relevant to this study on the effects of ocean acidification. Very relevant, however, is the statistically significant decrease in Trichodesmium growth rate with decreasing pH (P = 0.023, two-way ANOVA with post hoc Tukey's honestly significant difference test) observed under all other conditions, which is contrary to published results (e.g., [11] [12] [13] 15) . In this experiment, pCO 2 /pH was adjusted by acid/base addition because the use of 14 C for determining growth rates did not allow bubbling of the medium. In a separate experiment, in which the seawater carbonate chemistry was controlled by bubbling CO 2 -enriched air, the growth rate of Trichodesmium also decreased significantly at higher pCO 2 /lower pH for any given level of available Fe (P < 0.05, t test, for 380 ppm pCO 2 /pH 8.08 vs.750 ppm pCO 2 /pH 7.88) ( Table 1) . (Table 1) . We found that cultures grown at 750 ppm pCO 2 exhibited a systematic although not statistically significant decrease in the particulate organic C (POC)-normalized C-fixation rate compared with those grown at 380 ppm pCO 2 (i.e., 17% and 10% at 40 and 1,250 pM Fe′, respectively; P = 0.107 and 0.541, t test) determined during a 4-h period around midday when photosynthesis is repressed (14, 23) . In addition, the N 2 -fixation rate, which reaches a maximum at midday (23), was considerably slower at 750 ppm than at 380 ppm pCO 2 (P = 0.035 and 0.009, t test) (Table 1) , with a decrease of 35% and 50% at low and high Fe′, respectively. As expected from previous studies, increasing Fe availability decreased the ratio of POC to particulate organic N (PON) (P = 0.026, t test; Table 1 ) and increased the chlorophyll a (Chl a):C (P = 0.01, t test) (24) . However, pCO 2 /pH had no significant effect on either of these parameters.
Effect of pCO 2 and pH on Short-Term Nitrogenase Activity and Net H 2 Production. To determine whether pCO 2 or pH primarily causes the reduction of N 2 fixation in Trichodesmium at high pCO 2 /low pH, we conducted acetylene-reduction experiments with cells harvested at midday from a low-Fe culture and assayed for 2 h in Fe-limited (i.e., Fe′ = 40 pM) seawater media in which pCO 2 and pH were varied independently by adjusting the dissolved inorganic C (DIC) and alkalinity (Alk). As a result, DIC and Alk of the medium increased with increasing pH for a given pCO 2 and with increasing pCO 2 for a given pH. We observed an adverse effect of decreasing pH (P = 0.023, two-way ANOVA) on nitrogenase activity in the low-Fe preacclimated Trichodesmium (Fig.  3A) . On average, the acetylene-reduction rates at pH 7.80 dropped by 50% compared with those at pH 8.1 (P = 0.014, t test). Because the cellular enzyme concentration must remain nearly invariant in this 2-h experiment, this decrease must reflect a decrease in the efficiency of the nitrogenase enzyme, i.e., the rate of acetylene reduction per enzyme in vivo. In contrast, pCO 2 had no statistically significant effect on nitrogenase activity in this short-term experiment (P = 0.391, two-way ANOVA).
In a similar short-term incubation varying pCO 2 and pH independently, we measured the net production of H 2 , a byproduct of N 2 fixation. As shown in Fig. 3B , the net rate of H 2 production increased markedly at pH 7.85 compared with pH 8.1 (an increase of 45%on average, P = 0.004, t test) but remained unchanged as pCO 2 varied from 190 to 1,380 ppm (P = 0.762 and 0.496 at pH 7.85 and pH 8.1, respectively, one-way ANOVA).
Nitrogenase and Photosynthetic Proteins. To investigate why increasing pCO 2 /decreasing pH unfavorably altered the rates of N 2 fixation and growth in Trichodesmium, we analyzed the diel expression of key proteins involved in N 2 fixation and photosynthesis: NifH, the nitrogenase reductase of the nitrogenase complex; PsaC, the core subunit of photosystem I (PSI); PsbA, the D1 protein of photosystem II (PSII); and RbcL, the large subunit of the carboxylating enzyme RubisCO. As shown in Fig. 4 , NifH and PsaC were about threefold more abundant at 1,250 pM Fe′ than at 40 pM Fe′ (Fig. 4 A-D) , whereas Fe′ had little effect on the abundance of PsbA and RbcL (Fig. 4 E-H) . The lower PsaC and unchanged PsbA resulted in a decrease in PsaC:PsbA ratios at low Fe (Fig. 5) , as has been observed previously in Trichodesmium (24) and in diatoms (25) under Fe-limited conditions.
The abundance of NifH in Trichodesmium showed a diel pattern in all treatments of our study (Fig. 4 A and B) , increasing ∼3 h after the onset of light, rising until the end of the light period, and finally decreasing after 2 h in the dark. Although the rate of N 2 fixation decreased (Table 1) , the concentration of NifH increased at high pCO 2 /low pH, in particular over the 3-h period starting at midday. On average the abundance of the enzyme at 750 ppm pCO 2 / pH 7.88 was 1.7-and 1.3-fold that at 380 ppm pCO 2 /pH 8.08 under the low and high Fe′, respectively.
The core subunit of PSI, PsaC, also demonstrated a strong diel variation in its abundance, decreasing immediately after the onset of light, reaching a minimum 7-10 h into the light period, and recovering in the dark period (Fig. 4 C and D) . CO 2 influenced the abundance of the protein, especially under the low-Fe condition. In the low-Fe′ cultures, the amount of PsaC at 750 ppm pCO 2 was on average about half of that at 380 ppm pCO 2 within the first 7 h of the light period (Fig. 4C ). In the high-Fe cultures, the difference in protein concentration was significant only at the onset of light (34% less at high pCO 2 ) and disappeared subsequently (Fig. 4D) .
The level of the photosynthetic protein PsbA (the D1 protein of PSII) expression was similar in all treatments at the beginning of the light period (Fig. 4 E and F) and showed little change afterward except in the low-Fe/high-pCO 2 treatment. At 40 pM Fe′/750 ppm pCO 2 , the amount of the protein increased steadily over the 16-h sampling period, eventually resulting in a 35% increase over the initial value (Fig. 4E) and suggesting an effect of CO 2 under these conditions. Generally no effect of Fe or CO 2 on the concentration of the large subunit of RubisCO, RbcL, in Trichodesmium was observed in our experiments. The amount of the enzyme remained fairly constant over our sampling period under the low-Fe condition, but it seemed to decrease slightly after midday in the high-Fe treatments (Fig. 4 G and H) .
Discussion
Our results show significant adverse effects of ocean acidification on Fe uptake, N 2 fixation, and growth in the ecologically important cyanobacterium Trichodesmium under the low-Fe conditions typically experienced by the organism in the oceans (9) . Increasing pCO 2 and thus decreasing the pH in our EDTAbuffered medium decreases the Fe-uptake rate in a way that is quantitatively explained by the changes in Fe chemistry, i.e., the decrease in Fe′. Contrary to previously published results (11-13, 15-18), we observed that both N 2 fixation and growth of Trichodesmium declined at high pCO 2 /low pH under low-Fe conditions, Within each Fe′, values that were significantly different (P < 0.05, t test) between pCO 2 treatments are indicated by different superscripts. Data are mean ± SD (n = 2). Growth curves are shown in Fig. S2 . even though we maintained constant Fe bioavailability in our experiments. The lower rate of N 2 fixation results from a decrease in the efficiency of the nitrogenase enzyme. This decrease apparently is caused by the low pH rather than the high pCO 2 and is mirrored by an increase in net H 2 production. The lower efficiency of nitrogenase is partly compensated by an increase in the cellular concentration of the enzyme but nonetheless results in a lower growth rate. Under low-Fe conditions, the increase in nitrogenase at low pH is accompanied by a decrease in PsaC, presumably as a result of a reallocation of the limited pool of cellular Fe, as discussed below.
Changes in Fe chemistry caused by seawater acidification have been shown to decrease the uptake rate of Fe and other metals in several neritic and oceanic phytoplankton species including centric and pennate diatoms and coccolithophores (4) . Our data show a similar effect of pH on Fe uptake in the cyanobacterium Trichodesmium. Although the mechanism of Fe uptake by Trichodesmium remains to be fully elucidated, it has been shown that the uptake process can involve a bio-reduction step, as has been demonstrated in some model diatom species (26) (27) (28) . Trichodesmium apparently is capable of accessing Fe from Fe oxide, aerial dust, and siderophores (29, 30) in which Fe bioavailability should be less sensitive to pH than in our EDTA-buffered medium (4) . Our results clearly demonstrate that, over the range of interest, the effects of pCO 2 /pH on Fe uptake in Trichodesmium are caused by changes in the chemistry of the medium, not by a physiological response of the organism, in agreement with previous findings in other phytoplankton species (4) .
In addition to decreasing the availability of Fe to Trichodesmium in our medium, low pH also decreases the efficiency of the nitrogenase enzyme in Fe-limited cultures, i.e., the rate of N 2 fixation per enzyme in vivo. In the long-term experiment with varying pCO 2 reported in Table 1 and Fig. 4A , the decrease in the N 2-fixation rate and the increase in NifH concentration at pH = 7.88 compared with pH = 8.08 resulted in a decline of roughly 60% in enzymatic efficiency even though Fe′ was maintained at 40 pM. This result is similar to the reduction of 50% in nitrogenase efficiency measured in the short-term acetylene-reduction experiment (Fig. 3A) in which the reduction was shown to result from about the same variation in pH and not from a change in pCO 2 . This effect thus does not result from an acclimation of the cell to the acidified environment. Coincident with the decrease in N 2 fixation is an increase in net H 2 evolution, also driven by low pH and not by high pCO 2 . This effect is diagnostic of a less efficient use of reductants (31) , although the reducing equivalents lost to H 2 production do not account for the decrease in N 2 fixation.
To compensate in part for the impaired N 2 fixation, Trichodesmium synthesizes more nitrogenase at low than at high pH, with an increase by a factor of 1.7 at midday under the conditions shown in Fig. 4A . This up-regulation of nitrogenase concentration is likely limited by Fe. Because the nitrogenase complex contains 38 Fe atoms per monomer (not counting the Fe required to supply the necessary reductants), its up-regulation creates a large demand for Fe. This extra Fe must come from other Fe pools within the already Fe-limited diazotroph. Kustka et al. (32) estimated that under Fe limitation about 19-53% of the overall metabolic Fe may be bound in the nitrogenase complex of diazotrophically growing Trichodesmium, with an additional 38% present within the photosynthetic apparatus and the remainder involved either in respiratory activity or in antioxidant enzymes. In our experiments, NifH and PsaC are regulated by both the diel cycle and the pCO 2 /pH of the medium, providing an insight into the Fe economy of the cells. Diel cycle. In our low-Fe cultures (Fig. 4A) at pCO 2 = 380 ppm, we calculate that the Fe in nitrogenase increased from 3.5 μmol Fe/mol C at the beginning of the light period to 21 μmol Fe/mol C at the end (assuming a 2:1 stoichiometry between the Feprotein dimer and the MoFe-protein tetramer in the nitrogenase complex; SI Text, Cellular Nitrogenase and Fe Concentrations, Section I). This last value is about one-half of the total cellular quota in Fig. 2A and may be a bit less if the Fe-protein:MoFeprotein ratio is near 3:1 (33) . The corresponding decrease in PsaC during the day can liberate only 4 μmol Fe/mol C (assuming a 1:1:1 stoichiometry for PSI, cytochrome b 6 f complex, and ferredoxin; SI Text, Cellular Nitrogenase and Fe Concentrations, Section II), a small fraction of the concomitant increase in nitrogenase Fe. According to Tuit et al. (34) , there is no substantial change in cellular Fe in Trichodesmium during the daily cycle, so other cellular pools of Fe must be depleted. Trichodesmium may practice "hot-bunking" for Fe, as demonstrated in Crocosphaera watsonii (33) . However, in Trichodesmium the exchange of Fe must occur among cells in the same trichome because the nitrogenase is localized in diazocytes that account for only 15-20% of the total cell number (35) (36) (37) (38) . It is possible that the DNA-binding protein from starved cells (Dps protein) of Trichodesmium (39) plays a role in the exchange of Fe among cells as well as in Fe storage during the cell cycle, even under Felimiting conditions. Effect of pCO 2 /pH. The up-regulation of nitrogenase at pCO 2 = 750 ppm/pH = 7.88 seen in Fig. 4A results in a faster increase in NifH 3 h after the onset of light, so that a large fraction of the cellular Fe must be allocated to nitrogenase shortly after midday, leaving little possibility for further up-regulation of the enzyme. The earlier down-regulation of PsaC brings its concentration and the PSI/PSII ratio down by a factor of two at the onset of light (Figs. 4C and 5) . These values are likely near the minimum that allows significant photosynthesis, and they show little further decrease at midday, when photosynthesis is nearly shut down (21) .
Under high-Fe conditions, the maximum NifH concentration measured at the end of the light period (Fig. 4B) corresponds to a nitrogenase mass of about 7% of the total protein mass (assuming again a 2:1 stoichiometry between the Fe-protein dimer and the MoFe-protein tetramer; SI Text, Cellular Nitrogenase and Fe Concentrations, Section III). The nitrogenase is localized in diazocytes that have the same size as other cells in a trichome but account for only 15-20% of the total cell number, so that 30-50% of the protein mass in diazocytes must be in nitrogenase. Given that these cells possess complete photosynthetic machinery, this high nitrogenase content likely is near the maximum attainable. The up-regulation of nitrogenase at pCO 2 = 750 ppm/pH = 7.88 seen in Fig. 4B brings its concentration near this maximum shortly after midday, so that there is little opportunity for further upregulation. The decrease in growth rate seen at high Fe in Fig. 2B thus may be caused by the decrease in N 2 -fixing efficiency at low pH.
The diel variations in NifH, PsaC, and PsbA seen in Fig. 4 are surprising in view of the current understanding of the links between photosynthetic activity and N 2 fixation in Trichodesmium (23, 40) . Our results indicate an increase in nitrogenase and a decrease in PSI during daylight, but PSII remains essentially invariant. The resulting diel cycle in the PSI/PSII ratio exhibits a minimum at midday (Fig. 5) , when photosynthetic activity is at its minimum and N 2 fixation at its maximum. This result seemingly is inconsistent with the proposition that pseudocyclic electron transport after PSI serves to increase O 2 consumption and provide ATP for N 2 fixation (40).
Our results under high-Fe conditions are at odds with previous experiments that demonstrated an increase in N 2 fixation and growth at high pCO 2 /low pH (e.g., [11] [12] [13] 15) . All those experiments used the medium YBCII, which has a poorly defined trace metal chemistry as a result of the uncontrolled concentration of contaminants in the artificial seawater salts and the insufficient level of buffering afforded by the low EDTA concentration (2 μM) (22) . For example, the calculated Fe′, >190 nM, is 140 times greater than in our medium and much above saturation of Fe (III) in seawater. Other metals, such as nickel and vanadium which are cofactors of important enzymes in Trichodesmium (41), are not part of the YBCII recipe, but the concentration of molybdenum, a key constituent of the nitrogenase tetramer, is about 1/10 that in seawater. The variability in metal contamination, potentially resulting in either limitation or toxicity to Trichodesmium, is likely responsible for the large variations in growth rates observed among studies with the medium YBCII under supposedly identical conditions and even within a single study (11, 13, 14) .
In view of the large effect of pH variations on metal uptake demonstrated here and in other studies (4, 42) , it is possible that the positive effect of high pCO 2 commonly observed on Trichodesmium cultured in YBCII may be caused by changes in the bioavailability of essential or toxic metals. This positive effect also likely reflects the energy savings afforded by a down-regulation of the CCM, as usually has been inferred (43) . Such energy savings should partly offset the reduced nitrogenase efficiency seen at low pH in our experiments, depending on the energetic demands of the cells as influenced by conditions of nutrient limitation or toxicity. In particular, the availability of inorganic C, which directly influences the energetic demand of the CCM, must be one of the dominant factors that affect the net response of Trichodesmium to high pCO 2 and low pH. For example, when Trichodesmium trichomes are organized in colonies with sizes approaching 1 mm ("puffs" and "tufts" visible by the naked eye), the rate of molecular diffusion to these aggregates can be slow and limit the rate of C uptake (15) , thus requiring a particularly active CCM. In this situation, an increase in CO 2 and bicarbonate concentration can result in a substantial energetic savings for the cells. Such savings probably explain the beneficial effects of high pCO 2 on N 2 and C fixation observed in P-and Fe-replete incubations of Trichodesmium thiebautii colonies collected from the field (19) .
Trichodesmium dwells in oligotrophic tropical and subtropical regions of the oceans where Fe concentrations in surface waters are very low. It has been suggested that N 2 fixation by marine diazotrophs including Trichodesmium in these regions often is limited by Fe availability (9, 44, 45) . According to our results, as the ocean acidifies, the dual effects of decreasing pH on Fe availability and on N 2 fixation by Trichodesmium may act synergistically to result in a sizable decline in new N input to oligotrophic waters, given that this organism is estimated to contribute a large fraction of contemporary oceanic N 2 fixation (7). This decline may be partly offset by the beneficial effect of increasing CO 2 on the energetics of the cells whose importance under ambient conditions depends on the relative contribution of single trichomes and colonies to the overall N 2 fixation (46-48).
Materials and Methods
Methods are described in more detail in SI Materials and Methods.
Cultures and Growth. The marine cyanobacterium Trichodesmium erythraeum (IMS101) was obtained from the Provasoli-Guillard National Center for Culture of Marine Phytoplankton and was incubated in Gulf Stream seawater at 27°C and ∼90 μmol quanta m −2 s −1 (14-h:10-h light-dark cycle). The seawater was buffered with 20 μM EDTA and enriched in vitamins and trace metals with various concentrations of Fe added. Cultures were maintained under exponential growth conditions, and pCO 2 /pH in media were manipulated either by addition of ultrapure HCl/NaOH or by bubbling with humidified air/CO 2 -mixes (carbonate chemistry for the different experiments is shown in Tables S1 and S2 ). Specific growth rates were determined from linear regressions of the natural log of either fixed POC or Chl a vs. time.
Cellular Fe:C Ratios. 59 Fe (as 59 FeCl 3 ) and 14 C (NaH 14 CO 3 ) were added to pCO 2 /pH-adjusted experimental media and allowed to equilibrate overnight before the cells were inoculated (∼0.5 μmol C L −1 ). Exponentially growing cells were harvested by filtration at a density of ∼20 μmol C L −1 .
To remove extracellular Fe, cells were washed with an oxalate-EDTA solution (49) . 59 Fe was measured with a gamma counter and 14 C by liquid scintillation counting. Intracellular Fe:C ratios were determined (50) , and steady-state Fe-uptake rates were calculated from cellular Fe:C ratios and specific growth rates.
Short-Term Fe Uptake. The uptake medium was prepared from 0.22 μm filtered Gulf Stream seawater containing 50 nM Fe and 20 μM EDTA. Twenty-milliliter aliquots from each treatment were removed at 1-h intervals for a total period of 3 h for analyzing intracellular Fe. C and N 2 Fixation and H 2 Evolution. Rates of NaH 13 CO 3 uptake and 15 N 2 incorporation by exponentially growing cells were determined over a 4-h period (between 5 and 9 h after onset of the light) (51, 52) . In the 2-h short-term experiments, to distinguish the effect of pCO 2 from that of pH on N 2 fixation and H 2 evolution, the acetylene-reduction assay was used to determine the N 2 -fixation rate (53) , and H 2 production was measured with a Peak Performer gas chromatograph (Peak Laboratories, LLC). 
